RUTMech, t. XXXIII, z. 88 (1/16), styczeń-marzec 2016, s. In this paper the experimental results of fatigue analysis of the compressor blade were presented. Temperature distribution as a method of measuring crack length was considered. The blade with the V-notch (which simulates the foreign object damage) was entered into transverse vibration under resonance condition. During investigations both the amplitude of the blade tip displacement and also the crack length were monitored. At the same the pictures of time temperature distribution were taken. In the first part of the work the amplitude-frequency diagrams were obtained for different sizes of cracks. In the investigation, both a number of load cycles to crack initiation and dynamics of the crack growth in the compressor blade subjected to vibrations were determined. An additional original result of the work is the comparison of optically measured crack length and the dimension of the crack length taken from the picture. An important application will be the benefits of the method of measuring the length of the slot with a temperature distribution image. The results presented in this paper have theoretical and practical significance.
Introduction
The turbine aircraft engines have many parts and components subjected to various loads. One of these components are the compressor blades. Body forces (centrifugal) and forces from the flow of the air through the engine cause the elongation of the blade. Both type of forces cause bending. The blades have a low flexural resistance, due to the small thickness of the profile, they are also susceptible to mechanical vibrations. A special case of blade vibration was the resonance when they achieve a large amplitude and high stresses. The engine rotor during operational conditions has a high rotational speed and generates a negative pressure in the engine inlet. Sucked air flow often picks up foreign objects from the ground. As a result of a collision with such objects, various mechanical defects, located on the leading edge of the blade occur ( fig. 1a) . From the constructor's point of view the knowledge about the behavior of turbine engine blades in resonance and the progressive process of cracking of the blades is very important. To observe the initiation and propagation of cracks a thermographic method could be used. Assuming the heat generated in the areas of high displacements, the area of propagation of gap, may be tempted to test thermal imaging to characterize the behavior of the blades. This test was conducted in this study.
The problem of foreign object damage (FOD) was the subject of several investigations. In the first case the heat released in the vicinity of the crack was analyzed. This phenomenon was a result of adhesive friction between surfaces rubbing up against each other. Adhesion consists in the contact between the surfaces of the bodies as a result of the external forces acting between them. This field was caused by atomics forces around the contact surfaces. When this surfaces are rubbing against each other the forces of adhesion released heat energy that is dissipated. The friction was accompanied by energy of heat. Heat distribution in the body can be observed thanks to its emissivity. Emissivity was emitting energy as thermal radiation [4] .
Infrared heat dissipation under fatigue crack propagation were a subject of several papers. Fedorova [1] present the description of the propagation of heat in the sample titanium (Ti-6Al-4V) subjected to cyclic loading. This work shows how a progressive fatigue crack change the temperature field around the gap. The study also proposes algorithms to describe the dissipation of heat in the sample and determine the stress intensity factor. The authors also found that the observed phenomena were non-linear. A method to measure a crack length in the material was described in work [5] . This method was based on thermographic detection. The sample was driven in motion with the help of ultra sound and an infrared camera recorded a change in the temperature field around the crack. The results of the test were compared to the FEM analysis in the Abaqus. Statistical analysis of damage to the blades of the turbine aircraft engine has been described in work [2] . The analysis was based on the test blades subjected to ultrasonic and then observed with the infrared camera. Papers [1, 2] present information about observation of crack propagation on a properly prepared plate with notch using a thermal camera. Vibration samples were ultrasonically induced. The results of the tests were compared with the FEM analysis. An overview of attempts to study the fatigue of the compressor blades on the inductor vibration was presented in [6, 7] . Methodology of works [6, 7] is the basis of the analysis in this paper.
In the test the blade from the first stage of axial compressor from PZL-10W engine was used. The PZL-10W engine was mounted in a helicopter PZL W3
Temperature distribution as a method of measuring... Sokol. Alternative propeller version PZL-10S was used in the aircraft PZL M28 Bryza. This engine was produced and developed by PZL-WSK Rzeszow. The main objectives of the work are both the determination of a number of load cycles to the crack initiation and the temperature distribution with correlation to crack dimensions. An additional objective is also the dynamics of the crack growth in the blade with the notch created by machining. 
Fatigue test in resonant condition
The fatigue test of a compressor blade with V-notch created by machining was conducted. The blade was made of EI-961 steel (0.11C; 11Cr; 1.5Ni, 1.6W; 0.18V; 0.35Mo; 0.025S; 0.03P) with the following properties (measured in the temperature of 20°C): ultimate tensile strength is 900-1000 MPa, yield stress is 800-900 MPa, Young's modulus is 200 GPa, and Poisson's ratio value is 0.3. Variable load was generated by a vibrating system Unholtz-Dickie TA-250. The compressor blade was attached to the shaker head. The view of a blade attached to the shaker head is shown in figure 1b. To measure the amplitude of the blade tip a laser vibrometer Polytec PSV-H400S was used. At the same time, as an alternative source of information, the amplitude was measured with an optical microscope. In the initial stage of studies, the resonant frequency of the blade (I mode) was determined. In the next step, the resonance fatigue tests were conducted, where a number of cycles and the length of the crack were controlled. In every stop, the amplitude-frequency characteristic was determined.
The crack length was defined as a distance between the point of crack origin and the end of the gap ( fig. 2 ). Classical method to measure this dimension is based on fluorescent penetrant and UV light. Fluorescent penetration method was used to measure the size and length of the crack. In this method UV light and special fluid with fluorescent properties wad used. Fluorescent fluid was applied on the inner surface of the blade. The fluid after few transverse move of the blade was wiped off. UV light shows the places with where fluid. The cracks were observed in UV light. This method is not perfect. Each measurement requires stopping the attempts what may reduce the reliability of the results. As an 8 alternative method of measuring the distribution on the blade was used (example is presente was taken with the VarioCAMhr head 640 thermograph camera with sensitivity equal to 0. 640x480 pixels. Adhesive friction between both part of crack causes the release of energy around the gap. This energy as a local temperature gradient ( fig. 3 ) Fig. 2 . Sketch of the broken blades with defined To prepare the picture of temperature distribution some image processing algorithms were used. The view of the crack was assembled from two main part. The first part was adhesive friction and the heat connected second part was the energy released from cracking processes. The heat caused by adhesive friction looks like straight lines. The lines were strictly connected with the edge of the gap. The energy released from cracking processes were observed on temperature distribution image shape (connected with stress distribution around the crack
Results
The blade used in the experimental test the notch like in works [6, 7] . In every case the foot of the blade is equal to 3 mm displacement is equal to A = 1.8 mm.
A. Bednarz, M. Kuźniar, E. Boltynjuk the crack length, the picture of the temperature (example is presented in figure 3 ). This image VarioCAMhr head 640 infrared camera. The VarioCAM is a thermograph camera with sensitivity equal to 0.03 K and geometric resolution of . Adhesive friction between both parts of newly established faces of crack causes the release of energy around the gap. This energy was monitored ( fig. 3) .
the broken blades with defined length (a) of the crack View of temperature distribution image taken with the VarioCAM picture of temperature distribution some images of The view of the crack was assembled from two main part. The first part was adhesive friction and the heat connected. The was the energy released from cracking processes. The heat caused by adhesive friction looks like straight lines. The lines were strictly connected with the edge of the gap. The energy released from cracking processes were tion image. This field of energy have a round shape (connected with stress distribution around the crack tip).
experimental test has the same metrical parameters of In every case, the distance between the notch and blade is equal to 3 mm (fig. 4) . In the whole test the amplitude of 1.8 mm.
Temperature distribution as a method of measuring... Based on the obtained results was prepared table 1 with the information about a number of cycles to damage blade. In the first column there is initial frequency with the test begin. Second column contents, information about final frequency of the test. The rate of change of frequency were determined as a change of frequency during the test and time of the test. Every part of the investigation has the same parameters such as intensity of excitation and amplitude of the blade tip. The main differences on the crack length (parameter a) were observed. Additionally, a table with amplitude and resonant frequency for a subsequent part of the test was prepared. The information about a frequency and amplitude (from a amplitude-frequency characteristics) is were shown in table 2. An intensity of excitation was the same in every case of the study and it was equal to 1 g. Unit g is the gravitational acceleration and it is equal to 9.81 m/s 2 . The partial number of load cycles is the information about that how many cycles take place during this part of the test. The total number of cycles is the information about the whole number of cycles from the beginning of this test (sum of partial cycles). The total number of cycles (crack propagation CP) is similar to earlier quantity but it starts impart after crack initiation appear. Crack initiation was determined as the point when the crack length achieves the dimension equal to 1 mm. In figures 5 and 6 load history are presented. The figure 5 shows the whole crack propagation tests. When the crack length achieves 12 mm, test becomes unstable. This part of the investigation has dynamic behavior. When tip of the blade achieves the local maximum, a brittle crack was observed. The amplitude-frequency characteristics move toward the lower resonant frequency. With brittle cracking a lot of energy was released. The faster the process of cracking that will be more visible on the distribution of temperature. The round shape of temperature distribution was observed only when crack increased. If the crack propagation process is stopped, t only the heat from adhesive friction will be observed in the image of temperature distribution. This was observed between the crack length from 1 to 10 mm. Figure 6 shows amplitudes in this part of the investigation. The phenomenon of emission of the heat was observed when the amplitude was constant. The plot of resonant frequency as the function of the crack length is shown in figure 7 . The crack appears when the resonant frequency decreases at about 0.7%. The resonant frequency slowly decreases with the small crack length (from 0 to 10 mm). The change in the frequency was lower than 7%. When the crack length is longer than 10 mm, negative gradient of change of resonant vibration increases. The destruction of the blade finishes this phenomenon.
The crack length was connected with amplitude achieved in resonant condition. Amplitude-frequency characteristics for different crack sizes were shown in figure 8. When the crack length increases, resonant frequency decreases and amplitude achieved in the resonant condition decreases. This phenomenon was observed for the crack dimension bigger than 60% of the whole blade length. After this amplitude start increasing. An increase of the crack has an influence Temperature distribution as a method of measuring...
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on cross section area in the plane parallel to the foot of the blade. Smaller cross section area reduces the stiffness of the element. The results obtained from optical measuring of the crack length are co pared with results from temperature distribution. To image processing two m thods were used. The first of method was based on MATLAB algorithm. results from this transformation were presented in figure 9. Based on this algorithm it is possibl different direction. The edge in the picture was defined as a change of color b tween next pixels. This code was used to prepare images for the crack length equal to 10 mm. The best results ( fig. 9) were observed on the code scans the image in search of edge in vertical direction. In the second method for edge detection Photoshop software was used . The results for diffe ent crack lengths were shown in figures 10 distribution after crack initiation (dimension of the crack is 1 mm). An increase in the length of the gap causes a change in temperature distribution(figs. 11 and 12). The shape of the temperature in the vicinity of the notch shows what exactly happened. If it has round shape, the cracking process will take place (see exa ple in figure 13 ).
Measuring method indicates some differences. More accurate results were obtained using classical (optical) method of measuring crack length. The dime sions of cracks obtained from temperature ment error about 1 mm. On the other hand duce errors resulting from the retention test.
od of measuring... 13
The results obtained from optical measuring of the crack length are compared with results from temperature distribution. To image processing two methods were used. The first of method was based on MATLAB algorithm. The results from this transformation were presented in figure 9. 9 ) were observed on window 4 and 6, were scans the image in search of edge in vertical direction. In the second method for edge detection Photoshop software was used . The results for different crack lengths were shown in figures 10-13. Figure 10 shows temperature stribution after crack initiation (dimension of the crack is 1 mm). An increase in the length of the gap causes a change in temperature distribution(figs. 11 and 12). The shape of the temperature in the vicinity of the notch shows what exactly it has round shape, the cracking process will take place (see examMeasuring method indicates some differences. More accurate results were obtained using classical (optical) method of measuring crack length. The dimenained from temperature distribution images have measureabout 1 mm. On the other hand the proposed method does not introduce errors resulting from the retention test. 
Summary
For the blade with amplitude of displacement equal to 1.8 mm, the crack initiates after 144×10 3 load cycles. The difference between the blade with the crack length a = 0 mm and a = 6.8 mm is almost 35% for a change of resonant frequency and for amplitude is more than 6%. The difference between the results for a = 0 and a = 10 mm are 7% for resonant frequency and 68% for amplitude. Critical point was reached when the crack length achieved the value about 10 mm. For the crack length from 0 to 10 mm, resonant frequency decreases at about 53 Hz. In the next part of the diagram, resonant frequency decreases faster. The crack dimension measured on temperature distribution image have accuracy equal to 1 mm. This apparatus is good for a test when measured dimension is longer than 2-3 mm.
Better results can be obtained when a camera with higher resolution and higher sensitivity is used. Presented method could be used as a nondestructive method to measure the crack dimensions in the fatigue test. Temperature distribution image eliminates the most important disadvantage of the classical method that is the need to stop test to apply penetrant and measure the crack.
